morphology (body, tail, and hindlimb length, body mass), and skeletal muscle mechanics (isometric: twitch and tetanic tension, rates of force development and relaxation; isotonic: maximal velocity of shortening and power output) in a size range of individual salamanders (Ambystoma tigrinum nebulosum) at 10 and ZOOC. The size dependence of each factor was determined, and the interindividual correlations among factors were measured after removal of size effects. Locomotor performance is positively related to body size: larger animals are faster and have higher endurance. Isometric tensions (standardized for muscle crosssectional area) and isotonic properties are mass independent; rates of isometric force development and relaxation are negatively related to body mass. Locomotor performance capacities are not intercorrelated among individuals. Isometric force and rates of force development are highly intercorrelated as are maximal shortening velocity and power output. Several statistical techniques failed to uncover correlations among sets of variables (performance, morphology, muscle mechanics): neither fast individuals nor individuals with high endurance necessarily have relatively fast muscles or long limbs or tails after the effects of body size have been removed. allometry; Ambystoma; body size; burst speed; endurance; interindividual variability; isometric; isotonic; mass; maximal velocity of shortening; power; tetany; twitch CORRELATIONAL ANALYSIS has been a powerful tool in comparative physiology to suggest functional linkage between two or more variables. Most often correlational analysis has been done interspecifically, using species from different habitats or with different functional capacities as, in effect, an experimental variable. Although such studies have been very useful, they are subject to criticism in regard to the phylogenetic relationships among the species investigated. On one hand, species may be so distantly related that extraneous functional associations may complicate correlational analysis (19); on the other hand, the species examined may not be distantly related enough to provide true statistical inde-' pendence of observations (11, 23) .
Another type of comparative study that avoids these phylogenetic problems is one that examines interindividual differences in physiological variables within a single population of animals (4, 14, 18) . Such studies ask whether variables are functionally correlated among different individuals of a species rather than among species. The same interpretive logic applies as in interspecific studies. That is, a failure to demonstrate correlation implies that a controlling or causal connection does not exist between the variables in the animals studied; a correlation is suggestive of such an association, which must then be proven through experimental studies (24) . Such intraspecific studies have been a relatively neglected means of analyzing physiological variability and its underlying functional basis (4).
This study was undertaken to examine correlations among the morphology, skeletal muscle mechanics, and locomotor performance among individuals in a population of salamanders (Ambystoma tigrinum nebulosum). Salamanders were chosen for this study because of their quadrupedal gait, the amphibious nature of their activity, ease of analysis of their muscle mechanics, and the thermal dependence of their locomotor activity and physiological function. We were interested in determining whether locomotor performance is reflected in underlying structure or functional capacity. Does, for instance, an animal that can run or swim fast also have particularly fast skeletal muscles, or might its speed be due to other factors, such as longer limbs or tail? We were also interested in examining functional associations among different parameters of skeletal muscle mechanics. Are, for instance, rates of isometric and isotonic contraction strongly correlated? First, the effect of body size on each experimental variable was determined. Second, the effect of any size dependence was removed before interindividual analysis by computing mass-corrected residuals for each variable (4, 14) . The thermal dependence of locomotor performance and muscle mechanics for these an--imals was reported in a previous publication (10).
MATERIALS AND METHODS
Animals. Twenty-one tiger salamanders (Ambystoma tigrinum nebulosum) were collected from ponds in northern Arizona (Arizona Game and Fish Department permit number 85-5 to J. Collins) and transported to the University of California, Irvine. Animals were maintained on a 12:12-h light-dark photoperiod and had constant access to fresh water and Tenebrio larvae for food.
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Metamorphosed animals were kept in moist aquaria at either 10 or 20°C for at least 3 wk before testing of locomotor performance. Acclimation temperature was found to have no effect on any of the locomotor or muscle contractile variables measured (10); consequently data from both groups are combined for the present analysis. Before experimentation, body mass, snout-vent length, tail length, and hindleg length were measured.
Locomotor performance. Burst speed and endurance capacities of each animal on land and in water were measured at 10 and 20°C (range t0.5"C) on alternate days. The experimental schedule was as follows: day 1, running burst at 10°C; day 2, running burst at 20°C; day 3, running endurance at 10°C; day 4, running endurance at 20°C; day 5, swimming burst at 10°C; day 6, swimming burst at 20°C; day 7, swimming endurance at 10°C; and day 8, swimming endurance at 2OOC. Repeatability measurements of these variables were not done in the interest of minimizing exposure to nonacclimation temperatures. However, locomotor performance variables have been found to be highly repeatable on an interindividual basis in other amphibians examined (36) and other species of lower vertebrates (3, 4, 14, 16, 17, 18) . Details of the experimental setups and protocols have been previously reported (10). In brief, burst speed was measured in a narrow plastic trough (7 cm wide by 6 cm high by 2 m long) lined with damp paper towels for running burst and filled with water for swimming burst measurements. Animals were chased at maximal speed down the trough while being videotaped. Each animal was chased in three trials, separated by at least 1 h. The fastest 20-cm interval of the three trials is reported here, along with simultaneous hindleg or tail cycling frequencies (running and swimming, respectively). Running endurance (time and distance traveled) was measured with a step test on a motor-driven treadmill, initially set at 0.10 km/h and incremented by 0.05 km/h at 5min intervals until exhaustion (lack of righting response) occurred. Swimming endurance (time and distance traveled) was measured by another step test in a flow tank with initial water speeds of 0.20 km/h, incremented by 0.10 km/h every 5 min. Endurance tests were performed once for each animal at each temperature.
Muscle mechanics. Contractile performance at 10 and 20°C (range +0.2"C) was determined on the musculus extensor iliotibialis pars anterior, a cylindrical, parallelfibered muscle that is an extensor of the hindleg (12). Detailed descriptions of the experimental apparatus and protocol have been previously reported (10). Both isometric and isotonic measurements were made on a calibrated servo-controlled ergometer (Cambridge Instruments model 300H) connected to a storage oscilloscope. The following isometric measurements were made on the muscle from the left hindleg, first at 2O"C, then at 10°C: maximal tetanic force (P, in kN/m'), maximal rate of tetanic tension development (dP,ldt in kN . rnM2. s-l), maximal twitch force (Pt in kN/m2), maximal rate of twitch force development (dP,/dt in kN . rnw2. s-l), time to peak twitch force (TPT in ms), and time from peak to half peak twitch force (half-relaxation time) (RT1,2 in ms). Maximal velocity of shortening ( Vmax in muscle lengths/s) and maximal power output ( VVmax) were measured on the muscle from the right hindleg, first at 20°C then at 10°C. Force-velocity data were fit with a hyperbolic-linear equation (28) (4, 14) . Nearly all the variables examined here were found to be size dependent, and therefore two uncorrected characters often showed significant intercorrelations primarily or entirely because both were significantly correlated with body mass. To remove these confounding effects of overall body size, we computed residuals from allometric equations and examined correlations among these residual values (see Refs. 4, 14, 15 for discussions of these procedures).
Body masses used for allometric equations were measured once during locomotor performance measurements and again when animals were killed for morphometric and muscle measurements. We used several statistical approaches to test for relationships among residuals of the characters measured (for general discussions and examples of previous applications of these methods see Refs. 14, 15, 17, 30) . All statistical analyses were performed separately on measurements made at either 10 or 20°C. First, we computed Pearson product-moment correlations between all possible pairs of residual characters.
We examined the resulting correlation matrices (10 and 2O"C), concentrating on values that were statistically significant at P < 0.01 (thus <l% of correlations would be expected to appear significant due to chance alone). Next, we conducted principal components analysis of these correlation matrices. To determine whether residual (= size-corrected individual) variation in the measures of locomotor performance could be explained (predicted) by the morphological or muscle mechanical characters measured, we then conducted a canonical correlation analysis (n = 19 individuals with complete data sets). Canonical correlation tests for an overall relationship between a set of "dependent" variables (the 4 measures of locomotor performance plus leg and tail cycling frequencies) and a set of "predictor" variables (the 3 morphological residuals plus the 8 muscle mechanical residuals). Finally, we used multiple-regression analysis (n = 19) to compute the best predictive 1 .smal perequations for each of the six organ measures considered separately. ences in body size (Table 1) . At lO"C, these performance variables all increase significantly (P < 0.05) with body size. At ZOOC, only running speed is significantly related to body mass at P < 0.05, but swimming speed and both terrestrial and aquatic endurance are correlated with mass at P < 0.10. Consequently, larger animals generally can run and swim faster and have more endurance both on land and in water than do smaller animals. Limb cycling frequency in running and tail cycling frequency during swimming do not vary significantly with body size over the mass range studied.
Some aspects of muscle mechanics are influenced by body mass (Fig. Z) , even after standardization for muscle cross-sectional area (see Table 1 for units). Standardized isometric twitch and tetanic tensions are independent of body size. Isometric rate processes, however, all decrease with increasing body size: muscle from larger animals is slower than that from smaller animals. Isotonic properties measured are mass independent.
Interindividual correlations among locomotor performance and muscle mechanical variables. Correlations among mass-corrected residuals (see statistical section of the MATERIALS AND METHODS) at 10 and 20°C are given in Table 2 . These correlations indicate associations among variables, independent of body size effects.
Locomotor performance capacities (terrestrial and aquatic speed and endurance) are generally uncorrelated with each other (except for a positive association between running and swimming endurance at 20°C). Thus individuals that are good at one type of locomotor performance are not necessarily either good or poor at others. formance RESULTS Allometric scaling of morphological, locomotor, and muscle mechanical variables. Allometric equations for each variable at both 10 and 20°C are reported in Table  1 . Analysis of covariance revealed no significant differences in slope for 10 vs. 20°C for any character measured.
Body masses ranged over nearly an order of magnitude, from 3.17 to 23.8 g (mean mass = 8.16 g). Body proportions were consistent with geometric similarity (b = 0.333 for length measurements), except for tail length. The reduced major axis slope for tail length (0.594) is significantly >0.333 (Clarke's t = 4.81, approximate df = 16.75, P c 0.001); thus, tails are relatively longer in larger animals.
Interindividual variability in locomotor performance was great (Fig. 1 ). Running and swimming speeds varied four-and twofold, respectively, at each temperature among the individuals examined here. Total distance traveled in running and swimming endurance trials varied 2O-and &fold, respectively, among individuals. Some (18-42%) of this variation is related to individual differ- Not surprisingly, running and swimming speeds are highly positively correlated with limb and tail cycling frequencies, respectively: the relatively faster the movement of the propulsive organ, the faster the locomotor speed of the animal. Among muscle mechanical variables, isometric forces and rates of force development are very highly and positively intercorrelated: the faster the maximal rate of force development, the greater the maximal force in both twitch and tetany. Relaxation time is generally uncorrelated with other isometric or with isotonic variables measured, except for a positive association with TPT (0.05 > P > 0.01). Maximal shortening velocity and maximal power output are highly correlated: the faster the intrinsic speed of muscle contraction, the greater the maximal capacity to generate power. These isotonic variables, however, are generally uncorrelated with isometric variables (except for P, and' Vmax at 20°C).
No significant (P < 0.01) intercorrelations were found between sets of variables (morphology, performance, muscle mechanics). In other words, fast animals do not necessarily have relatively fast muscles or long limbs or tails after body size has been removed as a confounding variable.
The associations, or lack of them, suggested by these product-moment correlations are generally supported by other statistical approaches to these data. First, principal components analysis (Table 3 ; based on the correlation matrices presented in Table 2 ) indicates an overall pattern of association within groups of variables (e.g., isometric variables, isotonic variables, locomotor perform-. ante, and cycling frequency) but relative independence among groups. That is, muscle mechanical variables do not generally load heavily on the same factors as do locomotor performance variables. At both temperatures, the first factor reflects intercorrelations among isometric muscle mechanical variables. Factor four at 10°C and factor one at 20°C reflect much of the variation in isotonic muscle variables.
Canonical correlation analysis (results not shown) yielded no significant canonical variates at either 10 or 20°C (P > 0.15). Thus the overall association between the six measures of organismal performance on the one hand and the three morphological plus eight muscle Multiple regressions of locomotor performance on morphological and muscle mechanical characters (Table   4) indicate that 70-82% of the individual (residual) variation in running speed is statistically explainable by differences among individuals in maximal hindleg cycling frequency. Thus relatively little of the individual variation in running burst speed is attributable to differences in hindleg length (see Table 4 ) 9 which is a presumed correlate of stride length (but see discussion in Ref. 15).
About one-half of the variation in swimming speed is explainable by individual differences in tail cycling frequency. At 10°C, an additional 16% of the variation is attributable to differences in tail length: individuals with relatively long tails for their body size attain higher speeds. motor performance is relatively imprecisely predicted by individual differences in the muscle mechanical properties or morphological factors measured herein. However, certain measures of muscle mechanical performance are fairly tightly intercorrelated among themselves.
DISCUSSION
Allometry of locomotor performance. Among the salamanders studied here, locomotor performance capacity is greater in larger animals: bigger individuals are absolutely faster and have greater endurance, in both terrestrial and aquatic environments. This improvement is probably the result of ontogenetic changes in locomotor capacity, but without longitudinal studies on individual animals through time, the influence of directional selection on this allometric pattern cannot be excluded (5). In other words, it is possible that natural selection simply eliminates salamanders with relatively poor performance before they attain large size (and old age); hence, fieldcollected adults represent a biased sample. Moreover, body size and age are related and confounding variables in this and most other ontogenetic allometric studies, so the effects of size per se vs. age cannot be separated.
A similar increment in locomotor capacity with increasing body size has also been reported in most other ectothermic vertebrates examined. Burst speed is faster Our measures of muscle mechanics explained relatively little of the individual variation in organismal performance (Table 4) . Moreover, the partial regressions that are significant are not consistent across measurement temperatures. No muscle contractile properties are consistently associated with either limb or tail cycling frequencies, the most likely candidates to be directly associated with muscle mechanical variables.
In summary, the consistent pattern demonstrated by all of these statistical analyses is that variation in loco- Table 2   10°C   20°C   I  II  III  IV  v  VI  I  II  III  IV  V Allometry of skeletal muscle mechanics. Force-generating capacity of a unit cross-sectional area of skeletal muscle is predicted to be constant (25). Thus a crosssectional unit of muscle should produce similar force regardless of body size of the animal in which it occurs. Indeed, interspecific studies show a rather small range of P, produced by skeletal muscle (29,34), although very fast contracting muscle develops less force because of its lower myofibrillar density (25,34). Intraspecifically, both twitch and tetanic tension (normalized 'for cross-sectional area) are independent of body mass in both this salamander (Table 1, Fig. 2 ) and in the lizard Dipsosaurus dorsalis (26).
Mechanical rate processes, however, are predicted to be inversely related to body mass, largely on the basis of considerations of limb cycling frequencies (22, 29) . The few available data lend support to these predictions. Muscle shortening speed decreases interspecifically with increasing body mass for three species of mammals (9). Intraspecific examinations of body size dependence are few. Observations on mammalian and avian skeletal muscle often show a developmental shift from slow to fast contractile kinetics (see Ref. 1) . However, such data are not directly comparable to those in this study, because earlier stages are taken from fetuses or altricial AND  LOCOMOTOR  PERFORMANCE  IN A SALAMANDER   R1207 neonates, not from functionally independent animals. Isometric contractile rates were negatively size dependent in the salamanders examined here; isotonic rates were size independent (Table 1, Fig. 2 ). In the lizard Dipsosaurus dorsalis, isometric twitch times (TPT and RT& increase (rates decreased) and maximal contractile velocity decreases with increasing body size (26). More empirical data on size effects on muscle functional capacity are badly needed, as body size per se as well as developmental processes may apparently influence a variety of muscle contractile functions.
In summary, results of the present experiments and those on Dipsosaurus (26) indicate that traditional methods of standardization do not necessarily remove the effects of body size on muscle mechanics, especially for rate processes.
Thus body size (and possibly age, if known) should be analyzed as a covariate in studies that involve a size range of individuals.
Correlations among variables. Performance capacity in different locomotor modes is uncorrelated in these salamanders after removal of body size effects. An enduring swimmer is not necessarily a fast swimmer, nor is it either fast or enduring on land. These results suggest no evidence for specialization (a tradeoff, for instance, between speed and endurance) nor do they suggest the existence of animals that are superior in all types of activity. A similar lack of association between locomotor abilities has been found in lizards (3, 14, 17), but burst speed and endurance are positively but weakly correlated in garter snakes (16; Jayne and Bennett, unpublished observations) and toads (36). Among mechanical variables of skeletal muscle, there is a suite of intercorrelated factors relating to isometric tension development, even after removal of body size effects. P,, Pt, dP,/dt, and dP,/dt are all significantly associated at both temperatures examined. Under isometric conditions, a muscle that develops tetanic force rapidly will generally develop twitch force rapidly and produce a relatively great amount of force during both twitch and tetany. These correlations suggest a common suite of underlying factors (e.g., rate of calcium release to the myofibrils, cross-bridge cycling frequency) affecting the rate and level of force production. It is noteworthy that RT,,, time is not correlated with any of the foregoing factors, suggesting an independence of the mechanisms of relaxation (e.g., calcium removal by the sarcoplasmic reticulum) from those of activation. The isotonic properties ( Vmax, IYmax) correlated strongly with each other, indicating that a muscle with a faster intrinsic velocity of shortening also has the highest capacity for power production.
There is apparently no negative association between Vmax and the shape of the force-velocity curve, measured as a/P, (21) or wmax/( V,,,P,) (27, 28) . Isometric and isotonic factors were not significantly intercorrelated (except for P, and Vmax at 2O"C), indicating no necessary association between the intrinsic speed of shortening and isometric rates of tension development. Close (7, 8) proposed, for instance, that rates of isometric tension development are correlated with rates of muscle shorten ing and that these variabl .es are governed by similar mechanistic factors. The intraspecific data reported here do not support this proposed association, nor do other intraspecific studies (e.g., 35). Analysis of correlations (Tables 2-4) does not indicate a close association among suites of morphological, locomotor performance, and skeletal muscle characters. Apparently, one suite does not exert a controlling influence over another. We do not believe that this lack of association is due to inadequate sample size: previous investigations (14, 18) 
